Photoelectron circular dichroism results from one-photon ionization of chiral molecules by circularly polarized light and manifests itself in forward-backward asymmetry of electron emission in the direction orthogonal to the light polarization plane. What is the physical mechanism underlying asymmetric electron ejection? How "which way" information builds up in a chiral molecule and maps into forward-backward asymmetry?
I. INTRODUCTION
Photoelectron circular dichroism (PECD) [2] [3] [4] heralded the "dipole revolution" in chiral discrimination: chiral discrimination without using chiral light. PECD belongs to a family of methods exciting rotational [5] [6] [7] [8] , electronic, and vibronic [9, 10] chiral dynamics without relying on relatively weak interactions with magnetic fields. In all these methods the chiral response arises already in the electric-dipole approximation and is significantly higher than in conventional techniques, such as e.g. absorption circular dichroism or optical rotation, known since the XIX century (see e.g. [11] ).
The connection between these electric-dipole-approximation-based methods is analyzed in [12] . The key feature that distinguishes them from standard techniques is that chiral discrimination relies on a chiral observer -the chiral reference frame defined by the electric field vectors and detector axis [12] . In PECD, ionization with circularly polarized light of a non-racemic mixture of randomly-oriented chiral molecules results in a forward-backward asymmetry (FBA) in the photoelectron angular distribution and is a very sensitive probe of photoionization dynamics and of molecular structure and conformation [13, 14] . PECD yields a chiral response as high as few tens of percent of the total signal and the method is quickly expanding from the realm of fundamental research to innovative applications, becoming a new tool in analytical chemistry [15] [16] [17] . PECD is studied extensively both experimentally [4, and theoretically [2, 3, 12, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] and was recently pioneered in the multiphoton [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] , pump-probe [68] , and strong-field ionization regimes [69, 70] .
In this work we focus on the physical mechanisms underlying the chiral response in one-photon ionization at the level of electrons and introduce "elementary chiral instances" -chiral electronic wave functions of the hydrogen atom.
In molecules, with the exception of the ground electronic state, the chiral configura-tion of the nuclei is not a prerequisite for obtaining a chiral electronic wave function.
Thus, one may consider using a laser field to imprint chirality on the electronic wave function of an achiral nuclear configuration. The ability to create a chiral electronic wave function in an atom via a chiral laser field [71] implies the possibility of creating perfectly oriented (and even stationary) ensembles of synthetic chiral molecules (atoms with chiral electronic wave functions) with a well defined handedness in a time-resolved fashion from an initially isotropic ensemble of atoms. Such time-resolved chiral control may open new possibilities in the fields of enantiomeric recognition and enrichment if the ensemble of synthetic chiral atoms is made to interact with actual chiral molecules. From a more fundamental point of view, the elementary chiral instances could be excited in atoms arranged in a lattice of arbitrary symmetry to explore an interplay of electronic chirality and lattice symmetry possibly leading to interesting synthetic chiral phases of matter.
Here our goal is to understand how molecular properties such as the probability density and the probability current give rise to PECD and how they affect the sign of the FBA in the one-photon ionization regime. In a forthcoming publication we will use the hydrogenic chiral wave functions to extend this study into the strong-field regime. As a first step towards our goal, we consider the case of photoionization from a bound chiral state into an achiral Coulomb continuum, and restrict the analysis to aligned samples.
As can be seen in Fig. 2 of [12] and in Figs. 3 and 5 of the companion paper [1], within the electric-dipole approximation, the photoelectron angular distribution of isotropic or aligned samples can display a FBA only if the sample is chiral. This is in contrast with other dichroic effects observed in oriented or aligned achiral systems (see e.g. [72, 73] ).
An isotropic continuum such as that of the hydrogen atom cannot yield a FBA in an isotropically oriented ensemble (see [74] and Appendix VII A), because in this case the continuum is not able to keep track of the molecular orientations and therefore the information about the chirality of the bound state is completely washed out by the isotropic orientation averaging. However, this does not rule out the emergence of the FBA in an aligned ensemble, where only a restricted set of orientations comes into play. Therefore, the fact that we use an isotropic continuum shall not affect our discussion on the origins of PECD in any way beyond what is already obvious, namely, that the FBA we discuss relies entirely on the chirality of the bound state and that it vanishes if we include all possible molecular orientations.
In Sec. II we introduce the chiral hydrogenic states. In Sec. III we use the chiral hydrogenic states to focus on physical mechanisms underlying PECD in aligned molecules. In Sec. IV we discuss effects on the FBA that result from increasing the complexity of the initial state. In the companion paper [1] we show that optical propensity rules also underlie the emergence of the chiral response in photoionization in the general case of arbitrary chiral molecules and arbitrary degree of molecular alignment, and we also expose the link between the chiral response in aligned and unaligned molecular ensembles. Section V concludes this paper.
II. HYDROGENIC CHIRAL WAVE FUNCTIONS
We will describe three types of hydrogenic chiral wave functions. The first type (p-type) is of the form
where |nl m denotes a hydrogenic state with principal quantum number n, angular momentum l, and magnetic quantum number m. χ + p ( r) is shown in Fig. 1 . The superposition of states with even and odd values of l breaks the inversion symmetry and leads to a wave function polarized (hence the subscript p) along the z axis, which is indicated by an arrow pointing down in Fig. 1 . m = ±1 implies a probability current in the azimuthal direction and is indicated by a circular arrow in Fig. 1 . The combination of these two features results in a chiral wave function, as is evident from its compound symbol. The sign of m determines the enantiomer and, as usual, the two enantiomers are related to each other through a reflection; in this case, across the x = 0 plane, as follows from the symmetry of spherical harmonics 1 .
The second type (c-type) is given by
which differs from |χ p only in the imaginary coefficient in front of |3d ±1 . At first sight, since r|3p ±1 and r|3d ±1 are complex functions, one would not expect important differences between p and c states, however, as shown in Fig. 2 , the p and c states are qualitatively different. We can see that instead of the polarization along z, there is probability current circulating around a nodal circle of radius 6 a.u. in the z = 0 plane, as indicated by the two circular arrows in Fig. 2 (a) . Analogously to the p states, where the polarization of the probability density is determined by the relative sign between |3p ±1 and |3d ±1 , in the c states the direction of the probability current is determined by the relative sign between |3p ±1 and i |3d ±1 . This vertical current combined with the horizontal 2 current in the azimuthal direction due to m = ±1 leads to a chiral probability current (hence the c subscript), visualized in Fig. 2 (d) via the trajectory followed by an element of the probability fluid So far we have only considered wave functions with achiral probability densities whose chirality relies on non-zero probability currents. The helical phase structure suggests that we can construct a wave function χ ± ρ ( r) with chiral probability density (hence the subscript ρ) by taking the real part of χ ± c ( r), i.e.
It turns out that this wave function is not chiral. Nevertheless, increasing the l values by one results in the wave function we are looking for 4 . The third type (ρ-type) of chiral wave function is given by
and is shown in Fig. 3 for m = 1. In Eq. (4) we introduced the notation
4 It is also possible to obtain a chiral ρ state without increasing the value of l by replacing the 
which includes straightforward modifications to the simplest cases in Eqs. tions, and, as we shall see in the next subsection, it will provide the corresponding advantages.
Finally, note that according to Barron's definition of true and false chirality [76] , the p states display false chirality because a time reversal yields the opposite enantiomer, while the c and ρ states display true chirality because a time-reversal yields the same enantiomer. 
III. THE SIGN OF THE FORWARD-BACKWARD ASYMMETRY IN ALIGNED CHIRAL HYDROGEN
Now we consider photoionization from the chiral bound states just introduced via circularly polarized light. For this, we require the scattering wave function ψ
In the case of hydrogen, this wave function is known analytically [77] . ψ (−) k ( r) has cylindrical symmetry with respect to k and is shown in Fig. 7 for k = 0.3 a.u. in a plane containing k. Since only hydrogenic functions are involved, the calculation of the transition dipole matrix element ψ (−) k | r |χ can be carried out analytically. The angular integrals reduce to 3-j symbols [78] and the radial integrals can be calculated using the method of contour integration described in [77] .
The angle-integrated photoelectron current j (k) can be extracted from the angular and energy dependent ionization probability
Fourier transform of the field and σ = ±1 indicates the rotation direction of the field (see also Ref. [12] ). First we do a partial wave expansion of W σ ,
and then we replace it in the expression for the z component of the angle-integrated photoelectron current,
For normalization purposes, one can also consider the radial component of the angleintegrated photoelectron current, which yields (1)] with their z molecular axis perpendicular to the plane of polarization of the ionizing light. We can clearly see two propensity rules that also hold for any other |χ ± p(nlm) state: (i) the direction of j z is determined by the electronic polarization direction of χ ± p(nlm) ( r) and (ii) the magnitudes of j r and j z are bigger when the bound electron rotates in the same direction as the electric ( r) (see Fig. 7 ), which resembles a bound polarized structure and leads to improved overlap between ψ k ( r) and χ ± p(nlm) ( r) in the dipole matrix element when the direction of electronic polarization and the direction of the photoelectron coincide as compared to when they are opposite to each other. The polarized structure of ψ (−) k ( r) decays monotonously with increasing k and vanishes in the plane-wave limit, which explains the monotonous decay of j z (k). The second propensity rule is well known in the 1-photon-absorption atomic case [77] . This rule changes with the ionization regime [73, 79, 80] .
In the aligned case, thanks to the vector nature of the photoelectron current, it is enough to consider only two opposite orientations (see Sec. III in our companion 
paper [1]
). In view of the first propensity rule we have that for the two opposite orientations the polarization will point in opposite directions and therefore j z will have opposite signs. However, since for opposite orientations the bound electron current also rotates in opposite directions while the light polarization remains fixed, the magnitude of j z will be different for each orientation, thus avoiding a complete cancellation of the asymmetry. Furthermore, as can be seen in Fig. 8 (c) , the sign of the orientation-averaged j z will be that of the orientation where the electron co-rotates with the electric field of the light. That is, the propensity rule for the aligned case is that the total photoelectron current j = j zẑ will point in the direction of electronic polarization associated to the orientation where the bound electronic current co-rotates with the ionizing electric field.
A similar analysis can be carried out for the case of photoionization from the initial states |χ ± c(nlm) , shown in Fig. 10 for the specific case where (nlm) = (422) but valid for any other values of (nlm). The only difference is that in this case the role which was played by the electronic polarization in the p-type states is now played by the vertical component of the electronic current in the inner region. Like before, this result can be understood by considering the overlap between the initial and final states. The polarized structure of the continuum state determines the region contributing more to the dipole matrix element (see |ψ Fig. 7 ) and the relative direction between the probability currents in the initial and final states in this region determines the amount of overlap. When the direction of the probability current of χ + c(nlm) ( r) in the inner region (which is where |ψ
parallel to the direction of k the overlap is maximized. Therefore, the propensity rule in this case is that the sign of j z is positive/negative when the vertical component of the electronic current in the inner region points up/down. The non-monotonous behavior of j z as a function of k obeys the fact that this propensity rule not only relies on the polarized nature of |ψ (−) k ( r) |, but also on the direction of the continuum probability current, therefore, for k → 0, although the density of the continuum state is maximally polarized, its probability current tends to zero, rendering it unable to distinguish the direction of the probability current of the bound state, which is the feature responsible for the FBA in the first place. At an intermediate photoelectron momentum k ≈ 0.1 a.u. the probability current of the continuum state matches that of the bound state and the sensitivity of the continuum state to the direction of the probability current of the bound state is optimal. For larger values of k, the match worsens and the continuum also becomes less and less polarized leading to a monotonic decay of the FBA. The other propensity rule regarding the relative rotation of the bound current and the electric field remains the same and, again, the contributions from opposite orientations to j z do not completely cancel each other.
Finally, in the case where the photoionization takes place from the states |χ
[see Eq. (7)], there is neither any probability current nor any net polarization that we can rely on. Furthermore, one can see from Figs. 3 and 6 that the wave function χ ± ρ(nlm) ( r) is invariant with respect to rotations by π either around the x or the y axis, so that j z is the same for both orientations. Thus the situation appears to be quite different from what we had for the states |χ ± p(nlm) and |χ ± c(nlm) . However, we know that the chiral probability density of |χ ± ρ(nlm) is the result of the superposition of the chiral currents from |χ ± c(nlm) and its complex conjugate. These two chiral currents flow in opposite directions therefore, when we subject |χ . This shows that although the ρ-type states do not display any bound probability current, we can still make sense of the sign of the FBA displayed by their photoelectron angular distribution through their decomposition into c-type states.
An example of how to use these propensity rules for the less symmetric cases where the orientation of the molecular z axis is in the plane of the light polarization is given in Appendix VII C.
IV. EXTENSIONS OF THE MODEL
So far we have restricted our discussion to bound wave functions involving only two different consecutive angular momenta l with a specific phase between them of 0, π (p-type states), or ±π/2 radians (c-type states). To get an idea of how increasing the complexity of the bound wave function may affect the FBA and the corresponding propensity rules we will consider what happens when we introduce either a third l component or an arbitrary phase shift between the two l components. 
which is a superposition of |4p 1 and the state |χ , where the chiral current displays a single handedness, the state |χ +− c displays two possible handedness, one associated with the big current loops and the other one associated with the small current loops in Fig. 11 . Since the two chiral currents are confined to regions of different sizes, high (low) energy photoelectrons will probe more efficiently the chirality associated to the smaller (bigger) loops, and therefore one may observe a change of sign in the FBA as the photoelectron energy is increased. Figure 12 shows how each chiral component contributes to the total FBA. An analogous behavior is observed for the case of p-type states.
Clearly, closed current loops like those shown in Fig. 11 can only occur around a zero of the wave function, and the emergence of the small loops in Fig. 11 is associated with the emergence of a zero at r ≈ 4.4 a.u., θ = π/2. At the same time, the change of sign of the FBA is linked to the existence of the small loops, which suggests an interesting link between the topology of the wave function (zeros and currents around them) and the zeros of the FBA as a function of photoelectron energy. Further investigation of this point will be presented in a forthcoming publication.
Introduction of phases differing from zero or π/2 between consecutive l components simply means that instead of having a pure p-or a pure c-type state we have a superposition of both. This can also lead to a FBA that changes sign as a function of energy because the behavior of the FBA as a function of energy is different for p and c states. For example, as shown in Fig. 13 , a state |χ + p(311) + |χ + c(311) displays a FBA which is negative at lower energies and positive at higher energies, i.e. it reflects the p character at lower energies and the c character at higher energies.
Although the concepts of polarization, current, and wave-function overlap, underlying the propensity rules are general, the assignment of specific propensity rules to chiral molecules can be impeded due to their considerably more complex electronic structure than the elementary chiral wave-functions introduced here. In the companion paper [1] we develop an alternative route, bypassing the specific propensity rules and introducing a more general measure, which simply indicates the presence thereof.
This measure -propensity field-controls the sign of forward-backward asymmetry in PECD.
V. CONCLUSIONS
We have introduced three families of hydrogenic chiral wave functions that serve as basic tools for the analysis of electronic chiral effects. The chirality of these wave functions may be due either to a chiral density, a chiral probability current, or a combination of achiral density and achiral probability current.
We have used the chiral hydrogenic wave functions as a tool to explore the basic physical mechanisms underlying the chiral response in photoionization at the level of electrons. We have shown that two basic photoionization propensity rules determine the sign of the forward-backward asymmetry in photoelectron circular dichroism (PECD) in aligned molecules. One propensity rule selects the molecular orientations in which the electron and the electric field rotate in the same direction, and the other propensity rule determines whether the photoelectrons are emitted preferentially forwards or backwards. This simple picture illustrates that the propensity rules lie at the heart of photoelectron circular dichroism. In the companion paper [1] we show how these ideas can be extended to the case of randomly oriented molecules, where another layer of effects of geometrical origin add to this simple picture. In this appendix we give a simple demonstration that an orientation-independent continuum yields a zero FBA when all molecular orientations are equally likely (see also [74] ). Consider the lab-frame orientation-averaged photoelectron angular distri-
whereˆ σ ≡ (x ± iŷ), andD (λ) is the operator that rotates the bound wave function χ( r) by the Euler angles λ ≡ αβγ. We assumed that the scattering wave function
is independent of the molecular orientation λ and therefore there is no need to rotate it. Here we consider rotations in the active sense, i.e. we always have the same frame of reference (the lab frame) and we rotate the functions. If we expand the bound wave function in spherical harmonics as
then the rotation operatorD (λ) acts on χ ( r) through the Wigner D-matrices
Replacing this expansion in the expression for the photoelectron angular distribution we obtain
where we used the orthogonality relation for the Wigner D-matrices [78] . Now we expand the scattering wave function in spherical harmonics with respect tok
and replace it in the expression for the photoelectron angular distribution
where
Since |Y m l (k)| 2 is symmetric with respect to the xy plane for every l and m, Eq. (17) shows that W σ ( k) is also symmetric with respect to the xy plane, and thus exhibits no FBA, irregardless of the values of the coefficients f σ,l,m (k) which encode the information about the chiral bound state and the light polarization. Any deviation from an orientation-independent scattering wave function will introduce cross-terms in Eqs. (15) and (17), and therefore will open the possibility of non-zero FBA.
B. Absence of m-coupling in the photoelectron current for isotropic continua
Consider the photoelectron angular distribution resulting from a single molecular
whereˆ σ ≡ (x ± iŷ), χ is the bound wave function that has already been rotated by the Euler angles λ ≡ αβγ, and the scattering wave function is molecular-orientation independent, i.e. it only depends on the relative direction between the position vector r and the photoelectron momentum k. Both wave functions can be expanded as
where we used the selection rules m 1 = m 1 + σ and m 2 = m 2 + σ for the electric- C. An example of propensity rules for the in-plane orientation.
Consider the state |χ 
Replacing Eqs. (23) and (24) 
In analogy to what we did before with the ρ state, we separated the wave function according to the direction of its probability current with respect to the z axis, i.e.
into positive, negative, and zero m's. In general, this is as far as we can go with the simplification, and at this point we must only figure out the sign of the asymmetry that the part co-rotating with the electric field yields to tell the sign of the FBA asymmetry that the full wave function yields. However, in this particularly simple case we can recognize that not only the m = 0 but also the m = ±2 terms do not contribute to the chirality of neither the co-rotating nor the counter-rotating parts.
We have grouped this achiral terms into Φ. Furthermore, the remaining terms can be rewritten in terms of p states with their polarizations pointing alongẑ L and −ẑ L .
From the discussion of the propensity rules in Sec. III and from Fig. 8 we already know the j L z that will result from each of the p states appearing in Eq. (25) . Furthermore, from Appendix VII B we know that each m component will have an independent effect on j z . Therefore, although the unrotated state χ [2] B. Ritchie, Physical Review A 13, 1411 (1976).
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